Porous anodic films containing nickel were prepared by AC electro-deposition. The porosity of the films was controlled by using different working conditions (anodisation electrolyte, voltage, and time). Then nickel was electro-deposited using an alternating voltage. The impact of the anodic film on the current density waveforms and the metal content can largely be explained by the porosity differences, while changing the deposition time caused changes due to over-oxidation of the aluminium substrate, experimentally proved by TEM. Finally, the impact of deposition time on the deposited metal was successfully fitted using an Elovich type law over a large time-span (up to 1800 s), showing the ability to achieve precise control of the metal content.
Introduction
The pioneering works on the electro-deposition of metals in porous anodic aluminium oxide films were reported in Italy in 1936 (Wernick et al., 1987) . But its widespread use started in Japan after World War 2 for colouring purposes (Wernick et al., 1987) . Then, new applications emerged for the first time in different fields such as magnetism (Kawai & Ueda, 1975) , thermo-optics and dyeing (Anderson et al., 1980) , catalysis (McBren & Moskovits, 1987) , electronics (Preston & Moskovits, 1993) , corrosion protection (Fukuda & Fukushima, 1982) , and for antibacterial activity (Chi et al., 2002) . Recently, the electrodeposition of metals in anodic films has acquired renewed interest due to the possibility of preparing nanodevices using porous templates based on anodic aluminium oxide films. The two main applications are in the preparation of metal nanorods from Au (Forrer et al., 2000; Wang et al., 2002) , Ni (Nielsch et al., 2000; Yin et al., 2001; Jagminas et al., 2003) , Bi (Yin et al., 2001) , Cu, Co, Sn (Jagminas et al., 2003) , Ag (Sauer et al., 2002) , Fe (Yang et al., 2000) ), or metal nanoparticles (Fe, Ni, Co) for the catalytic growth of carbon nanotubes (Kyotani et al., 1996; Papadopoulos et al., 2002) or for their magnetic properties (Wu et al., 2009) .
Due to the presence of the compact (or barrier) layer at the bottom of the anodic films, electrodeposition cannot be performed using a direct electrical signal, current or voltage (Nielsch et al., 2000; Kallithrakas-Kontos et al., 1998; Yoo & Lee, 2004) . Recent studies involving nanodevice preparation overcame this problem by drilling the barrier layer, facilitating the application of a direct electrical signal (Nielsch et al., 2000; Szkutnik et al., 2006; Hwang et al., 2005) .
But, apart from nanodevice preparation, the usual applications require good corrosion resistance, i.e. to avoid perforation of the barrier layer. Thus, metal electro-deposition in the pores of the anodic films is generally performed using alternating or pulsed voltage (or sometimes current) (Lee et al., 1978 , Zemanová et al., 2008a , 2008b , 2009a , 2009b Arurault et al., 2010) to ensure renewal of the material in the confined volume of electrolyte contained in the mesopores.
The present study completes previous studies by our group (Salmi et al., 2000; Arurault & Bes, 2003 , 2007 Arurault et al., 2004 Arurault et al., , 2006 Arurault et al., , 2010 which focused on the electro-deposition of nickel in porous anodic films on aluminium substrates, in order to prepare low-cost coloured articles. This work is more specifically concerned with the influence of the type of anodic film and the deposition time on the morphological characteristics of the coatings and the metal content in particular.
Experimental
The preparation process principally involved three successive steps: pre-treatment of surface, anodisation, and electrochemical deposition of nickel.
1050A (99.5 % Al) aluminium alloy sheet (60 mm × 40 mm × 1 mm) was degreased for one minute in an aqueous alkaline bath containing NaOH (
, and sodium gluconate (NaC 6 H 11 O 7 , 10 g L −1 ), then etched with aqueous NaOH (25 g L −1 ) for one minute and neutralised with aqueous HNO 3 (φ r = 20 %) for 2 min. The samples were rinsed with distilled water immediately after each step, carried out at ambient temperature.
The aluminium sheet was then used as anode and a lead plate (3 mm × 40 mm × 40 mm) as counterelectrode in the electrochemical cell with the thermostat at 25
• C. The anodisation was run in potentiostatic mode (U a = const.) using three different electrolytic aqueous baths (Zamora et al., 2004) , all free of chromium species: (i) H 3 PO 4 (78 g L −1 , pH 1.0) at 25
• C, and (iii) a mixed solution (pH 0.5) of H 2 SO 4 (40 g L −1 ) and H 3 BO 3 (10 g L −1 ) at 25
• C. The voltage and anodisation time used for each electrolyte were typically 15 V for 15 min, 20 V for 20 min, and 20 V for 15 min, respectively. These experimental conditions were designated as the "standard conditions" of anodisation. Where different, the values of voltage or anodisation time are specified.
Nickel electro-deposition in the porous anodic films was performed in an electrochemical cell using the aqueous electrolytic baths previously developed by Salmi (2000) but with only phosphoric acid as anodisation electrolyte. The electrolyte was prepared from
). Prior to metal deposition, the sample was dipped in the electro-deposition electrolyte of (25 ± 2)
• C for 30 s at open circuit voltage. Electrochemical deposition was then performed using (Blanc Electronique SA supply, type EA-4036, France) with a 50Hz alternating voltage; the voltage and current waveform were recorded by an oscilloscope. Deposition effective voltage and duration were typically 10 V and 600 s. After deposition, the specimens were removed from the electrolyte immediately and washed with de-ionised water.
All chemicals used were of analytical grade (Prolabo, France) and aqueous electrolyte solutions were prepared using deionised water.
Following acid dissolution of the anodic film, chemical analysis of the deposited metal was performed by Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES) on a Jobin Yvon 24 spectrophotometer (Horiba, France). For this purpose, a disc (d = 14 mm) was cut in the treated zone of the sample and placed in an acid solution (10 mL of 0.1 M HNO 3 ) under vigorous mixing until the coating dissolved completely. The solution was then made up to a final volume of 50 mL with deionised water. Finally, the concentration obtained by ICP analysis was converted to nickel content per surface area (mg m −2 ). Each experimental γ value is the average value of data from ICP measurements of three independent samples. In this case, the error is 5 %.
Transmission Electron Microscopy (TEM JEOL 200CX) (Horiba, France) was used to determine the morphology and the characteristics of the porous anodic film (Fig. 1) , i.e. the pore density (ρ pores ), the pore diameter (d pore ) viewed from the TEM surface, and the height of the porous layer (h p ), the thickness of the barrier/compact layer (h b ) from the TEM crosssectional view. Porosity (or void percentage) (τ ) was calculated as: τ = ρ pores (π/4)d 2 pore . Following nickel electro-deposition, TEM was also used to determine the location of the metal and the average height of the deposited metal to calculate the theoretical value of the mass of deposited metal per unit area (γ).
Results and discussion

Control of characteristics of porous anodic films
The geometrical characteristics of the anodic films Height of barrier layer,
were obtained in three different types of anodisation electrolytes. Firstly, typical TEM figures showed clear differences in microstructure depending on the electrolyte used. The surface of the anodic films obtained in sulphuric-boric electrolyte was homogeneous and with a low porosity (4 %), composed of quasi-hexagonal cells, similar to those of Keller's model (Keller et al., 1953) . The two other types of surfaces were more uneven and porous, i.e. showing 37 % and 12 % porosity for phosphoric and borate electrolytes, respectively.
The anodisation voltage and duration were then studied to establish correlations between the morphological characteristics of the anodic films, especially the porosity and the preparation conditions or operational parameters.
Impact of the anodising voltage
Anodising was performed in a fixed time and with a voltage varying between 5 V and 30 V. Pore density and average pore number were plotted against voltage for the different anodic film types in Figs. A1 and A2 (Appendix) while Figs. A3 and A4 plot the thickness of the porous and the compact layers. The correlations established for each of these characteristics according to the electrolyte used are summarised in Table 1 .
These results clearly show that the pore diameter and thickness of the barrier layer were linearly dependent on the anodisation voltage under these experimental conditions. The proportionality between h b and U a is in agreement with previous works by Van der Linden et al. (1990) . Moreover, the growth rate of the compact layer, i.e. the slope between h b and U a , obtained in the present study (from 0.90 nm V −1 to 1.35 nm V −1 (Table 1) ) is comparable with the literature data (1.10 nm V −1 for sulphuric acid at 10
• C and 1.19 nm V −1 for phosphoric acid (Safrany, 2009; Trompette et al., 2010) ). Concerning the thickness of the porous layer, the correlation also appeared linear for the phosphoric and borate electrolytes, but exponential for the sulphuric-boric electrolyte.
Impact of anodisation time
The influence of the anodisation time (t a ) was studied within the 300-1500 s range just for the sulphuricboric electrolyte and a constant anodisation voltage (20 V). Figs A-5-A-8 show the changes of the geometrical parameters (ρ pores , d pore , h p , h b ). Within the time range considered, the correlations were linear, except for pore density ( Table 2 ). The thicknesses (h p , h b ) were directly proportional to the time and the current density, in agreement with Faraday's law (Goueffon et al., 2010) , while porosity, especially the pore diameter (d p ), increased with the time and thus with film thickness. By contrast, the changes in pore density were more unexpected and, as yet, unexplained.
Characteristics under standard conditions of anodisation
The morphological characteristics obtained under standard experimental conditions are summarised in (Safrany, 2008) . The thicknesses of the barrier layer obtained for the three electrolytes were also similar to those obtained by Dasquet et al. (2000b) . By contrast, the greatest difference concerned the total thickness of the porous layer, although identical electrolytes were used. However, this characteristic depends on several parameters, especially on the initial voltage slope, to reach the nominal value.
Electrical behaviour during electro-deposition: Repeatability and anodic film impact
With a view to checking the repeatability of the process, current densities were recorded during two nickel electro-deposition experiments, using the same type of anodic film prepared (20 V, 900 s) in the sulphuric-boric bath. The results highlight that the curves are identical in the 5-600 s time range; this was also true for each of the other two types of anodic films. Hence, the results clearly confirm that the electro-deposition step is repeatable.
Additional experiments were carried out under the same conditions of Ni deposition (10 V, 5 s) but with the three different anodic films. There were no differences from a qualitative point of view, but the amplitude of the current density wave changed. It can be seen, for example, that the intensities corresponding to the phosphoric anodic film were higher than those related to the sulphuric-boric electrolyte (Fig. 3) . This result cannot be explained here by a difference in the barrier layer thickness (Table 3 ), but probably by the different porosities of the anodic films, 37 % and 4 % respectively.
Impact of duration of electro-deposition
Current density variations were also recorded at different times (Fig. 4) during nickel deposition (10 V) using an anodic film from sulphuric-boric solution (20 V, 900 s). As in results reported previously (Dasquet et al, 2000a) concerning zinc electro-deposition, the current density waveform was asymmetric and then clearly decreased for both the anodic and cathodic parts at the beginning of the deposition experiment.
For duration longer than 420 s, this electrical signal became constant, with no further changes. Similar results were observed for the two other anodic films. However, at lower voltages, for example 7 V for Ni deposition, the current density curve did not change at all, irrespective of the deposition time. This unusual behaviour at low voltage was observed when anodic films were produced in phosphoric or borate solutions. The voltage impact was previously explained (Arurault et al., 2010) for nickel electro-deposition after anodising in sulphuric-boric electrolyte: it depends on the voltage applied in comparison with the threshold voltage U t . For lower values (here 7 V), the coating acts only as a capacitor, while at higher voltages (here 10 V), both the anodic and cathodic parts of the current waveform change with the deposition time. At the higher voltage, additional oxidation of the aluminium substrate occurred during the anodic part of the waveform, because of the semi-conducting characteristics of the barrier layer, while metal deposition (and solvent reduction) occurred during the cathodic part. This difference in the reactions explains the asymmetry of the current density waveform at the beginning of the electro-deposition step. When the over-oxidation of the aluminium substrate is completed, the electri- cal behaviour depends only on the thick new compact layer during both the positive and negative parts of the alternating voltage applied: the current density waveform becomes symmetrical and metal is no longer deposited.
Characteristics of the anodic films containing metal: Morphological characteristics
The microstructure obtained by TEM after nickel deposition (10 V, 600 s) in a film anodised in phosphoric solution is illustrated in Fig. 5 . Values characterising the morphology of the three types of anodic film impregnated with nickel are given in Table 4 .
Porous film structure did not change: pore density and diameter did not vary significantly with the insertion of metal in the anodic film under alternating voltage conditions, whereas the barrier layer thickness increased irrespective of the anodic film used. Furthermore, for the three types of anodic films, final thickness was about 30 nm after deposition treatment at an effective alternating voltage of 10 V.
The increase in barrier layer thickness during the deposition process confirms experimentally the hypothesis of further anodisation of the substrate during the anodic part of the alternating signal. This explanation is supported by the identical thickness (about 30 nm) obtained for the final barrier layer, regardless of the anodisation conditions (electrolyte, duration, voltage). This thickness is largely dependent on the peak value (14 V) of the deposition voltage, especially in its anodic part. To check this hypothesis, the barrier layer thickness could be measured as a function of voltage applied.
Moreover, no variation in the porous layer thickness occurred for the film anodised in phosphoric solution, whereas a decrease was observed for the films anodised in sulphuric-boric and borate solutions, suggesting that the porous layer was occasionally partially dissolved during the deposition process.
TEM observations also revealed two additional points: the metal was located at the bottom of the pores, in contact with the barrier layer, and metal height in the porous layer was irregular. These two results remain valid for all three types of anodic film. The location of the metal at the bottom of the pores is in agreement with previous works (Shaffei et al., 2001 ) and can be explained by the low electrical resistivity of the anodic film at these points. The irregular height of metal, sometimes called the "sky-scraper" phenomenon (Yin et al., 2001) , is usually explained by irregularities in the compact layer thickness along the aluminium substrate interface.
Metal content
The metal content γ introduced into the pores of the three different types of anodic films for the same nickel deposition treatment (10 V, 600 s) is reported in Table 4 . The nature of the anodic film appears to play a significant role in the quantity of metal deposited. In fact, this value increased four-fold (from 0.147 g m −2 to 0.583 g m −2 ) between anodisation carried out in sulphuric-boric and in phosphoric electrolytes, respectively. In addition, these values are in accordance with the previous results by Granqvist et al. (1979) reporting nickel contents from 0.5 g m −2 to 1 g m −2 depending on the operational conditions of metal deposition. These results can be explained by differences in the porosities. In particular, the highest amount of nickel (583 mg m −2 ) corresponds to the highest porosity (37 %), while the lowest value (147 mg m −2 ) is linked to the lowest void fraction (4 %). By making some assumptions it is then possible to calculate the theoretical mass of metal deposited in the porous anodic film, and then to compare this theoretical value with the experimental data obtained from ICP analyses after film dissolution. Assuming that the pore density here is unchanged by metal deposition, the density of deposited metal is almost equal to the density of pure metal (ρ Ni = 8.9 g cm −3 ), while the average pore diameter and the representative average height (h Ni ) of metal deposited can be determined by TEM observations. Therefore, the mass of metal deposited per unit area (γ) (Eq. (1)) can be calculated from the volume of metal deposited (V Ni ) in the pores (Eq. (2)) and also from the pore density ρ pores and the nickel density d Ni as:
For anodic films from sulphuric-boric solution, the calculated and experimental quantities of nickel were similar (Table 4) , whereas for the phosphoric and borate anodic films, the difference between calculated and experimental values was 3-to 5-fold. These results could be explained initially by differences between the densities of metal and oxide, causing differences in calculated and experimental quantities of metal. But Goad and Moskovits (1978) demonstrated that nickel deposited was present solely as metal inside the anodic films, when alternating voltage was used.
The second explanation is based on the possible alteration of the height of metal in the pores, due to sample preparation, especially ion thinning for the TEM observations. Moreover, partial re-oxidation of the metal deposited could also be considered. Hence, the theoretical value would be substantially underestimated. Additional experiments would be required to provide an unambiguous explanation for these differences.
The impact of the deposition time on the quantity of metal deposited was then studied for nickel (10 V, 600 s) in anodic films from sulphuric-boric solution (20 V, 900 s). The quantity of metal deposited versus the deposition time (Fig. 6 ) is in agreement with previous works involving zinc (Dasquet et al., 2000a ): a strong increase for short times (less than 180 s) then a slower increase. This inflexion has previously been explained (Dasquet et al., 2000a) by the partial electrochemical redissolution that occurs during the anodic part of the alternating voltage waveform. Furthermore, it was previously claimed (Arurault & Bes, 2003) that the γ = f (t ) variation could be described by a mathematical Elovich-type law (Eq. (3)) in the 540-720 s time range. The fitting with the experimental data here appears to be satisfactory for the deposition times tested (up to 1800 s), longer than the deposition time previously considered (Arurault & Bes, 2003) . Thus, the values of the constants are A = 4.55 × 10 −3 s −1 and B = 140 mg m −2 for nickel deposition in anodic films from sulphuric-boric electrolyte
Conclusions
The characteristics of porous anodic films were first studied as a function of the type of anodisation electrolyte used, the voltage and the duration. Experimental correlations showed that it was possible to control these characteristics, especially porosity. Then, nickel was deposited under alternating voltage. The impact of the anodic film on the current density waveforms and the metal content was mainly accounted for by porosity differences. Moreover, an increased deposition time led to over-oxidation of the aluminium substrate, experimentally highlighted by TEM, occurring during the positive part of the alternating waveform. The reduction during the negative part allowed for the deposition of nickel at the bottom of the pores. Various explanations are proposed to account for the differences between the experimental and calculated nickel contents. Finally, the impact of the deposition time on the quantity of metal laid down was successfully matched by using an Elovich type law over a large time span (up to 1800 s), demonstrating the ability to satisfactorily control the metal content, in order to prepare, for example -coloured coatings. 
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